Abstract-We analyze the outage and capacity performance of an interference based admission control strategy in cellular CDMA systems. Most approaches to estimate the outage probability and the system capacity of CDMA systems in the literature do not take interference based admission control into account. In this paper, we present an analytical model to evaluate the outage probability and the capacity on the reverse link of cellular CDMA systems with interference based admission control. We make two main approximations in the outage analysis -one based on the central limit theorem (CLT) and the other based on the Chernoff bound (CB). We also obtain an improved approximation to the outage probability using Edgeworth expansion. It is shown that the considered admission control policy results in increased system capacity compared to that with no admission control, by about 30% for an outage probability of 0.01.
I. INTRODUCTION
Capacity of CDMA systems without taking interference based admission control into account had been evaluated by Evans et al in [1] , where they had obtained lower and upper bounds on CDMA system capacity. Chan et al in [2] , and Karmani et al in [3] , applied Edgeworth expansion to obtain better approximations to the outage probability as compared to the bounds given in [1] . It is noted that admission control strategies based on signal-to-interference ratio measurements can reduce outage probability. In this paper, we are concerned with the analytical means to evaluate the outage and capacity in cellular CDMA systems with admission control based on interferenceto-signal´Á Ë µ measurements.
We consider an admission control policy which allows only those incoming calls whose´Á Ë µ levels at their respective base stations are below a specified threshold. Such admitted calls in a given cell can cause outage to other ongoing calls in the system, i.e., may cause the Á Ë at the base stations corresponding to any of the ongoing calls cross the threshold. Without admission control, new calls would be admitted irrespective of the Á Ë levels, provided spreading codes are available at the respective base stations. However, with admission control, by allowing only those calls that see an acceptable Á Ë level at their respective base stations, the outage probability can get reduced.
We develop an analytical model to evaluate the outage probability and the capacity on the reverse link of cellular CDMA systems which employ the above admission control policy. We model the system as an Å ½ queue, and make two main approximations in the outage analysis -one based on the central limit theorem (CLT) and the other based on the Chernoff bound (CB). We further obtain an improved approximation to the outage probability using Edgeworth expansion. It is shown that the considered admission control policy results in increased system capacity compared to that with no admission control, by about 30% for an outage probability of 0.01.
II. PROBLEM DEFINITION
Consider a CDMA cellular system with circular cells. The problem is to devise an analytical model for computing the outage probability for this system with admission control, and evaluating the system capacity for a given outage performance. The admission control strategy considered is as follows. When a new call arrives in a cell, the corresponding base station measures the Á Ë ratio and compares this with a specified threshold, Ó . The call is admitted if spreading codes are available for allocation and if Á Ë ¯Ó. The call is blocked otherwise. We consider the following system model for our analysis.
There are AE cells in the system (AE =61) and each cell has a maximum of Ò spreading codes available for allocation. All the cells are assumed to be of equal radius Ê with the base stations located at the center of each cell. Mobiles are uniformly distributed over the area of each cell and all the mobiles are assumed to have either very low mobility or no mobility. The call arrival process in each cell is Poisson with mean arrival rate and the call holding time is exponentially distributed with mean ½ seconds. The signal undergoes distance attenuation and shadow loss. The distance loss exponent is taken to be 4 and the shadow loss is assumed to be log-normally distributed with zero mean and variance ¾ . We assume perfect power control, i.e., each base station receives unit power from the mobiles attached to it irrespective of the position of the mobiles.
III. PERFORMANCE ANALYSIS
In cellular CDMA, because of universal frequency reuse, mobiles in all the cells in the system contribute to the interference seen by any given base station. Here, we assume that the interference seen by a base station is due to the mobiles in its first tier of neighboring cells (i.e., we ignore the interference due to cells other than the first tier neighboring cells as negligible 1 tem with ¡ as the queue length process. Accordingly, the probability mass function of ¡ is given by [7] ÈÖ
where , is the mean call arrival rate in a cell and ½ is the mean call holding time. 
where denotes a normally distributed random variable with zero mean and variance ¾ , which corresponds to the shadow loss from mobile to the base station of cell . Note that Á ´¡ µ is conditioned on the number of interferers in the neighboring cells, ¡ , and the location of the interferers in the neighboring cells. Therefore, Á ´¡ µ needs to be averaged over the number of interferers and their locations (as will be done later in Eqns. (18), (25) and (34)).
A. Outage without Admission Control
The outage probability in a CDMA system without the Á Ë based admission control is given by
½ Henceforth, we use the term neighboring cells to mean the first tier of cells around the cell-of-interest.
We first compute the outage probability conditioned on ¡ and then average over ¡ . We define¯ ¯Ó ¡ . Hence, the outage probability conditioned on ¡ when there is no Á Ë based admission control, Ô ÓÙØ´¯µ , is given by
Thus, for CDMA systems with no admission control, the outage probability averaged over ¡ , is given by
B. Outage with Admission Control
With Á Ë based admission control, we are interested in the probability that a new call arriving in cell causes an outage in cell . The outage probability conditioned on ¡ , ¡ and ¡ , denoted as Ô £ ÓÙØ´¡ ¡ μ, can be written as
The above equation gives the probability that a newly admitted call in cell (because of Á ´¡ µ ¯) causes an outage in cell (Á ´¡ µ ) given that there was no outage in cell before admitting the new call in cell ´Á ´¡ ½µ ¯µ. We assume that Á ´¡ µ is statistically independent of Á ´¡ µ to simplify the analysis. Hence, Ô £ ÓÙØ´¡ ¡ μ becomes independent of the cell in which the call arrives, and hence can be denoted by Ô £ ÓÙØ´¡ μ, which can be written as
Averaging over ¡ , the outage probability conditioned on ¡ , Ô £ ÓÙØ´¯µ , is given by
To compute Pr ¡ Ì in the above equation, we model the system as an Å ½ queue. Note that a more accurate model for the system is an Å loss model where denotes the maximum possible interferers from the neighboring cells to cell . However, since is typically large in a CDMA system, we can approximate the system by an Å ½ queue. The number of interferers ¡ is then the queue length process of an Å ½ queue and hence, is a Poisson random variable [7] .
Therefore, defining
AE , where AE is the number of neighboring cells to cell (AE ),
Finally, the outage probability in Eqn. (10) is averaged over ¡ (whose probability mass function is given in Eqn. (1)) to
It is noted that the key step in the outage probability computation To evaluate the marginal probability in Eqn. (14), we use approximations based on central limit theorem (CLT) and Chernoff bound (CB). To evaluate the joint probability in Eqn. (13), one can model the random process Á ´¡ µ as a continuous state space Markov chain, which can be solved by the theory of random walks given in [4] . However, this approach tends to be complex. Hence, we adopt a simpler method which uses the approximation made in the evaluation of the marginal probability in Eqn. (14) . The CLT and CB approximations are illustrated in the following subsections. We can evaluate the marginal probability Pr Á ´¡ µ ¯ in a similar manner. This completes the evaluation of the marginal probability in Eqn. (14) using CLT. Next, we proceed to obtain the joint probability in Eqn. (13) using CLT as follows. Here, Á ´¡ ½µ and Á ´¡ µ are jointly normal with a correlation coefficient Ö. If ¡ ´Ü Ýµ is the joint pdf of Á ´¡ ½µ and Á ´¡ µ, then
where Ü Ü ¡ Ý Ý ¡ ½ ½ ¡ and ¾ ¡ ½ . The correlation coefficient, Ö, is defined as
We can rewrite Á ´¡ µ in Eqn. (4) 
2) Approximation using Chernoff Bound:
In this subsection, we present another approximation to evaluate the marginal Pr Á ´¡ ½µ ¯ , by applying the Chernoff bound in Eqn. Hence, by assuming Á and Á to be independent for , Á ´¡ ½ µ can be approximated to follow a log-normal distribution of the form ½¼ ª ½¼ where ª is normally distributed with mean ¡ ½ dB and standard deviation ¡ ½ dB. We apply the Fenton's method [6] (i.e., approximate the sum of independent log-normal r.v's by a log-normal r.v) to obtain the expressions for ¡ ½ and ¾ ¡ ½ , as values we obtain the LMGF ´×µ, using which the marginal in Eqn. (14) can be evaluated. Next, to evaluate the joint probability in Eqn. (13), we use the Fenton's method of approximating sum of log-normals by a log-normal [6] . We rewrite Eqn. 
From Eqns. (30), (33), (34) and (35), we can evaluate Eqn.
(29) and hence the Eqn. (13). We substitute this value and the CB approximation for the marginal, to compute the conditional outage probability in Eqn. (10). Finally, we average Ô £ ÓÙØ over ¡ as in Eqn. (12) to obtain the outage probability.
3) Approximation using Edgeworth Expansion:
In the following, we obtain an improved approximation to the outage probability by using Edgeworth correction to the CLT approximation of the marginal derived in Section III-B.1. We define
. Then, by Edgeworth expansion, the cdf of , ´Ýµ È Ö Ý , is given by [3] ´Ýµ È´Ýµ ½´Ý µ · ¾´Ý µ ¿´Ý µ · ´Ýµ where Ô ´ Òµ is given by the Erlang-B formula [7] as
IV. RESULTS AND DISCUSSION
In this Section, we present the numerical results for the outage probability and the capacity of a CDMA system with and without Á Ë based admission control. The system capacity is defined as the load up to which a desired outage probability can be maintained. We use the following values in our numerical computations: AE ½ cells, Ò spreading codes, cell radius Ê ½ , mean call arrival rate per cell, , in the range 0.1 to 0.2 in steps of 0.01, mean call holding time, ½ ½ ¼ ¼ seconds, and dB. As in [2] , [3] , we use a call admission Á Ë threshold value of¯Ó ½ dB. Figure 1 shows the outage probability as a function of Erlang load per cell with and without admission control. Both simulation as well as analytical results using CB approximation are shown. It is observed that without admission control an outage probability of 0.01 occurs at a load of about 15 Erlangs/cell, whereas with admission control the same outage performance is achieved at a load of 20 Erlangs/cell. This is due to admitting new calls only when the Á Ë criterion is not violated. The increase in the load essentially translates into an increase in the number of active mobiles in the system, as explained below. Each cell can be modeled as an Å Ò Ò loss system with a blocking probability Ô £ , as given in Eqn. (37). The average number of users in a cell for an Erlang load of is given by ´½ Ô £ µ [7] . Therefore, for an outage of 0.01, a load of 15 (or 20) Erlangs per cell translates to 14.9 (or 19.8) users per cell. This is an increase of 33% of additional users in the system due to Á Ë based admission control. From Fig. 1 , it is also observed that using the CB approximation to compute the È Ñ Ö Ò Ð overestimates the outage probability (i.e., underestimates capacity). The accuracy of the outage performance predicted by the CLT and CB approximations are illustrated in detail in Fig. 2. From Fig. 2 , we note that while the CB approximation overestimates the outage probability, the CLT approximation underestimates it. From Fig. 1 , we further observe that the CB approximation is more accurate (closer to the simulation curve) than the CLT approximation. In addition, the Edgeworth correction to the È Ñ Ö Ò Ð results in a performance that is closer to that predicted by simulation, as compared to the CLT approximation.
V. CONCLUSIONS
We presented an analytical model to evaluate the outage probability and the capacity on the reverse link of cellular CDMA systems with Á Ë based admission control. We used two main approximations in the outage analysis -one based on the central limit theorem and the other based on the Chernoff bound. It was shown that the CLT approximation underestimated the outage performance, whereas the CB approximation overestimated the outage. Also, the CB approximation resulted in a more accurate estimate of the outage than the CLT approximation. We further obtained an improved approximation to the outage probability using Edgeworth expansion. It was shown that the considered admission control policy results in increased system capacity compared to that with no admission control, by about 30% for an outage probability of 0.01.
